T h e Saccharomyces OLEl gene encodes the intrinsic membrane-bound A-9 fatty acid desaturase. OLEl expression is regulated at the levels of transcription and mRNA stability by nutrient fatty acids and molecular oxygen. Its transcription is controlled through two distinct promoter elements, the fatty acid response element (FAR) region, and a downstream low-oxygen response element (LORE) that dramatically amplifies FAR-activated expression under hypoxic or cobalt-stimulated growth conditions. Transcription activation through both elements is repressed by unsaturated fatty acids. The half-life of the OLEl mRNA is also dramatically reduced upon exposure to unsaturated fatty acids. OLEl expression is governed by two homologous membranebound proteins, Spt23p and Mga2p, which activate OLEl expression through N-terminal polypeptides that are released from the membrane through a ubiquitin-mediated mechanism that involves processing by the 23 S proteosome. Although proteolytic processing of Spt23p can be repressed by polyunsaturated fatty acids, Mga2p processing in normoxic cells appears to be regulated by a different mechanism. Mga2p is essential, however, for the induction of the high levels of expression that are triggered by hypoxia through the LORE promoter element. Surprisingly, Mga2p also plays a critical role in controlling OLEl mRNA stability, suggesting that there may be a functional linkage between OLE1 transcription and the regulation of OLEl mRNA stability.
Introduction
Fatty acid biosynthesis in the budding yeast Saccharomyces cerevisiae is unusual in that only saturated and mono-unsaturated fatty acids are synthesized de novo. When cells are grown in fatty acid-deficient medium, saturated fatty acids are formed via the well characterized Type I fatty acid Key words: A-9 desaturase, fatty acid biosynthesis, fatty acid desaturation. Abbreviations used: FAR, fatty acid response element; LORE, low-oxygen response element. ' To whom correspondence should be addressed (e-mail martin@ biology.nrtgers.edu).
synthase, whose primary products are C,,:, and C,, o. T h e CoA esters of these fatty acids are converted into mono-unsaturates by the A-9 fatty acid desaturase, which is encoded by the OLEl gene. Olelp is a chimaeric endoplasmic reticulum membrane-bound protein that consists of an N-terminal desaturase domain, with a di-iron-oxo moiety at its catalytic centre and a C-terminal cytochrome 6, domain [l] . Olelp introduces a double bond between carbons 9 and 10 of saturated fatty acyl-CoA substrates through an oxygen-dependent mechanism typical of most eukaryotic membrane-bound desaturases. Unlike some A-9 desaturases, which exhibit a high degree of substrate chain-length specificity, Olelp can catalyse the desaturation of a wide range of substrates, ranging from C,, to C,, carbon saturated fatty acids.
Results and discussion
Because unsaturated fatty acids comprise most of the mass of membrane lipids, and exert a strong influence on bilayer fluid properties, Olelp is a highly regulated enzyme that plays a prominent role in lipid metabolism. One part of this regulation system responds to the availability of exogenous unsaturated fatty acids [2]. Yeast cells readily import long-chain unsaturated fatty acids and incorporate them into membrane lipids. Previous studies have shown that, when cells are exposed to exogenous unsaturated fatty acids, the expression of OLEl is strongly repressed, not only by its monounsaturated products, C,,:, and ClgZ1, but also by a wide range of polyunsaturated species A major component of this fatty acid-mediated regulation occurs at the level of OLE2 transcription. An upstream element (fatty acid response element, FAR) in the OLEl promoter was identified that was required for activation of fatty acid-regulated transcription [4] . This element could confer activation of fatty acid-regulated transcription on a foreign gene when it was placed in its upstream promoter region. In addition, OLEl mRNA levels were found to be repressed by unsaturated fatty acids when the native promoter was replaced with the unrelated ADHl (alcohol The proteolytic cleavage of Spt23 appears to be differentially regulated by exogenous unsaturated fatty acids. The strongest repression of proteolytic processing is produced by short-chain mono-unsaturated and polyunsaturated species, suggesting that the mechanism is controlled by changes in membrane fluidity properties [lo] . In contrast, Mga2p proteolytic processing appears to be resistant to fatty acid exposure under normal growth conditions [10, 11] .
T o gain insight into the roles that SPT23p and MGAZ genes play in OLEl regulation, studies were performed using strains with null mutations in each gene [12] . In wild-type cells grown in glucose-containing medium, OLEl reporter gene activity is induced approx. 5-fold in response to either oxygen starvation [13] or exposure to cobalt [12] . Cells that express only Spt23p showed no significant changes in reporter gene activity in response to either stimulus. In contrast, cells that express only Mga2p exhibited an approx. 5-fold increase in reporter activity in response to cobalt and an approx. 4-fold increase in response to hypoxia. This Mga2p-dependent induction of OLEl expression was further confirmed by electrophoretic mobility gel shift assays that indicated that Mga2p is associated with the hypoxic-inducible complex that forms on the LORE [ 1 31.
The independent activation of OLEl expression by Mga2p is strongly inhibited by unsaturated fatty acids under normoxic and hypoxic conditions [12] . Although Mga2p-induced expression is repressed by unsaturated fatty acids, its proteolytic processing is not significantly inhibited by exposure to unsaturated fatty acids under normoxic conditions and it is only partially inhibited by fatty acids under hypoxia. These observations suggested that there may be regulatory mechanisms in addition to those that release Mga2p from the membrane. T o test for the existence of these regulation systems, a truncated, soluble form of Mga2p, under the control of its native promoter, was expressed in a strain that contained null mutations of both genes. This resulted in induction of OLEl to hypoxic levels of activity that were strongly repressed by unsaturated fatty acids. In contrast, when a soluble form of Spt23p-induced OLEl is expressed in the spt23A;mga2A strain, OLEl is induced to the lower, normoxic, levels and is not repressed by polyunsaturated fatty acids [12] . These results indicate that while Spt23p-mediated expression is regulated primarily at the level of membrane proteolysis, the regulation of Mga2-mediated expression by fatty acids is more complex and includes mechanisms that are independent of the proteolytic processing step. In addition to its effects on transcription activation, Mga2p also appears to play a role in the stability of OLEl mRNA. Mutants with disrupted MGA2 produce OLEl transcripts with a shorter half-life that is not affected when cells are exposed to unsaturated fatty acids, suggesting that there may be a functional linkage between OLE1 transcription and the stability of its mRNA. 
Abstract
All organisms respond to environmental challenge by adaptive responses, although, in many cases, the underlying molecular mechanisms are not understood. In the case of membranes, the physical structure of membrane phospholipids is conserved in the face of cold, rigidifying conditions by the elevated proportions of unsaturated fatty acids. We have observed a clear positional specificity in this substitution and head group preferences in carp liver membranes. We have also demonstrated changes in the activity of lipid desaturases that mediate the unsaturation response, caused by both transcriptional and post-translational mechanisms. Another hepatic isoform has recently been discovered with sensitivity, not to cooling, but to dietary variations. Finally, we are testing the importance of desaturase inductions in the inducible cold tolerance of the whole animal.
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Background
Virtually all living organisms experience a variable environment that, at extremes, may have debilitating effects on physiological performance. However, organisms are generally not passive in the face of debilitating environmental variations, and they exhibit a wide range of behavioural and physiological adaptations that mitigate or exploit the new conditions.
In the case of temperature, these adaptive responses are classified into two broad groups : adaptations of resistance to the debilitating effects of thermal extremes (resistance adaptation), and adaptations of physiological processes over the normal, non-debilitating range of temperatures (capacity adaptations). There is now an extensive literature concerned with the mechanisms underlying both kinds of adaptation. At the molecular level, most attention has been paid to heat-shock proteins (HSPs) as an example of transcriptionally driven responses [ 13. Enhanced expression leads to a much increased tolerance of extreme high temperatures ; a heat-hardening response that is initiated over just a few minutes and lasts for a few hours. Direct evidence in bacteria, yeast, plants and animals of the protective role of HSPs
